The conformational dynamics of a single protein molecule in a shear flow is investigated using Brownian dynamics simulations. A structure-based coarse grained model of a protein is used. We consider two proteins, ubiquitin and integrin, and find that at moderate shear rates they unfold through a sequence of metastable states -a pattern which is distinct from a smooth unraveling found in homopolymers. Full unfolding occurs only at very large shear rates. Furthermore, the hydrodynamic interactions between the amino acids are shown to hinder the shear flow unfolding.
to involve the unfolding of individual domains of the protein. Instead, a conformational transition of the whole multi-unit chain takes place, from a compact globular state to the elongated fiber-like conformation.
The experimental results quoted here seem to suggest that the shear rates needed to unfold a small protein are extraordinarily high. For example Jaspe and Hagen 23 tried to unfold horse cytochrome with the shear rates as high as 10 5 Hz but observed no evidence of the shear destabilization of the folded state of the protein. They also gave a simple estimate that in order to unfold a protein, the shear rate should be characterized by the Weissenberg number, Wi = sτ f old of the order of 10 3 . Here τ f old is the folding time of a protein and s is the shear rate. We confirm that prediction through molecular dynamics simulations of a protein using a coarse-grained model. Additionally, we show that stretching of proteins by shear flow proceeds differently from that of homopolymers.
The simulations were conducted for ubiquitin (1ubq) and integrin (1ido). Both have been the subject of our previous investigations on protein stretching in uniform flow. In particular, integrin was shown to possess a surprisingly rich spectrum of metastable states when stretched by the flow 4 which makes it a perfect system in which to investigate the effects of the shear flow.
II. THE MODEL
Coarse-grained models of proteins allow one to access time scales which are orders of magnitude longer than those available in all-atom simulations. Among the coarse-grained models, the Go-like implementations 27, 28 link the properties of a protein directly to its native geometry and are probably the easiest to use. We follow the implementation presented in references 29, 30, 31, 32, 33 . The protein is represented by a chain of its C α atoms. The successive C α atoms along the backbone are tethered by harmonic potentials with a minimum at 3.8
A. The effective interactions between the residues are split into two classes: native and nonnative. This determination is made by checking for native overlaps between the enlarged van der Waals surfaces of the amino acids as proposed in reference 34 . The amino acids, i and j, that do overlap in this sense are endowed with the effective Lennard-Jones potential
. The length parameters σ ij are chosen so that the potential minima correspond, pair-by-pair, to the experimentally established native distances between the respective amino acids in the native state. Non-native contacts are represented by hard core repulsion in order to prevent entanglements. Another term in the Hamiltonian imposes local stiffness on the backbone. This can be accomplished either by introducing biases in the bond and dihedral angles 35 or by favoring native senses of local chiralities 36 . Here, we choose the latter.
The protein was subject to a simple shear flow of the form
which may also be written as v = K · r where K is the velocity gradient matrix, in this case given by
In our previous studies on uniform flow unfolding 4 we used the Langevin dynamics method to track the evolution of the system. Here, however, we use the Brownian dynamics scheme since it allows for a straightforward incorporation of hydrodynamic interactions (HI). Without the hydrodynamic interactions, the two schemes (Langevin and Brownian dynamics) give the same results, since on the time scales characteristic for protein unfolding, the motion is overdamped and inertia effects are negligible, as confirmed in Ref. 37 .
In the Brownian dynamics algorithm 38 , the displacement of the i'th amino acid during the timestep ∆t given by
Here r i is the position of i-th amino acid, F i is the total interparticle force acting on it, D is the diffusion tensor. Note that both F and D are configuration-dependent. Next, B is a random displacement given by a Gaussian distribution with an average value of zero and covariance obeying
Finally, C is the third rank shear disturbance tensor 39 representing the effect of interparticle hydrodynamic forces on the shear-induced particle motion 40, 41 . Most of our simulations were conducted without taking hydrodynamic interactions into account (free draining model). In this case, the diffusion tensor is diagonal
and the disturbance matrix vanishes. At the end of the paper, we discuss the influence of the hydrodynamic interactions on the mean extension at various shear rates. In that case, we use the Rotne, Prager and Yamakawa 42,43 approximation of the diffusion tensor, with the nondiagonal terms of D ij given by
where r ij = r j − r i and a represents the hydrodynamic radius of a bead. A natural time scale in the simulations, τ , is set by the time it takes for the amino acid (i.e. the object of the radius a = 4.1Å) to diffuse the distance of its radius, a. Again, in water at T = 300K, one gets τ = 0.05ns. This time scale is used as a time unit in the data reported, irrespectively of the actual value of hydrodynamic radius used (4.1 or 1.5Å).
The folding time for ubiquitin, as calculated according to the scheme described e.g. in 30 in the free-draining case (with a = 4.1Å) is equal to τ f old ≈ 1100τ whereas for integrin τ f old ≈ 10000τ . When the hydrodynamic interactions are taken into account ubiquitin folding time becomes τ f old ≈ 370τ for a = 4.1 and τ f old ≈ 150τ for a = 1.5. The latter difference is caused mainly by the differences in the single amino acid diffusion coefficients in both cases; the ratio of the diffusion coefficients (4.1/1.5) ≈ 2.7 is only about 10% larger than the corresponding ratio of folding times, (370/150) ≈ 2.5.
The initial conformation of the protein corresponds to the native structure. During the simulations either one of the termini of the protein is anchored or both ends are free. In both cases, the fluid in which the protein is immersed is unbounded in all directions The end-toend extension, the orientation angle and the root-mean-square deviation (RMSD) from the native structure are then recorded as a function of time. The total length of the simulation time for each trajectory was t = 400000τ for the free-draining case (for both ubiquitin and integrin) and t = 10000τ for the simulations with hydrodynamic interactions (for ubiquitin).
The non-dimensional flow strength is characterized by the Weissenberg number, Wi = sτ 0 , where, following Jaspe and Hagen 23 , we take τ 0 to be equal to the folding time of the protein,
As already noted by Lumley 51 and de Gennes 52 , a notable feature of the shear flow is that it is a combination of the elongational and rotational components of equal magnitudes.
In such a marginal case the polymer chain does not attain a stable stretched configuration.
Instead, it undergoes a tumbling motion, a series of subsequent stretching and coiling events with frequent changes in the orientation of the chain with respect to the shear axis 7,8,9,10 .
While the elongational component of the flow is stretching the molecule, its rotational component aligns it along the shear axis, leading to the collapse of the chain due to the decreased Fig. 4 shows the end-to-end length distribution for the integrin molecule tethered by the C terminus. Such a peak structure in the histogram is observed for medium shear rates only; lower shear rates are not strong enough for the intermediates to overcome the free energy barrier needed to partially unfold the chain whereas in the case of high shear rates the tumbling rate increases, the protein spends even less time in the stationary conformations and thus the histogram no longer shows the intermediates. Fig. 5 gives an example of the end-to-end length distribution for the 50 % higher shear rate than that in Fig. 4 . As it is seen, the peak structure is now almost impossible to discern.
It is worth noting that in the case of homopolymer in a shear flow, the respective probability distributions have a much simpler structure. As an example, Fig. 6 shows the RMSD histogram for a simple helix (of 48 residues) in a shear flow. Also the histograms of the chain extension in DNA experiments are usually much smoother, with one or two maxima
The characteristics of uniform flow unfolding are asymmetric with respect to the protein anchoring 4 . For example, integrin unfolds more easily when tethered by the C terminus.
Also, the C terminus tethering leads to a much richer spectrum of intermediates than the N terminus tethering. As mentioned in the Introduction, this asymmetry is caused by the fact that the tension along the protein backbone increases from the free end towards the tethered one when the molecule is placed in the flow. Such an asymmetry can also be seen in the shear flow unfolding. In particular, Fig. 7 shows the relative extension (L/L 0 ) of the integrin molecule as a function of the Weissenberg number for different tethering points.
Here the average end-to-end distance of the molecule (L) is normalized by the maximum extension length L 0 = (N − 1) × 3.8Å, where N is the number of amino acids. It is seen that the C terminus tethering allows unfolding at a lower shear rate, which is consistent with the uniform flow stretching results. The critical shear rate, at which the unfolding events begin to take place is shifted from Wi = 600 in the case of the C terminus tethering to about Wi = 1300 for the N terminus tethering. Finally, when both ends of a protein are free, the critical shear rate is the same as in the N tethering case (Wi = 1300), but the shape of the dependence of L/L 0 on Wi is slightly different from that observed for the N tethering.
As noted by Smith 7 and Doyle 8 , the power spectral density of the end-to-end polymer extension in a shear flow shows no distinct peaks which indicates that no periodicity is present in the evolution of this variable. However, it was subsequently reported 10,53 that there are other variables characterizing the polymer motion which show the periodic behavior. In particular, a well defined characteristic tumbling frequency is revealed in the spectrum of a polymer orientation angle θ 10 . Analogous spectrum for the protein is presented in Fig. 8 .
Two peaks can be identified in the spectrum, corresponding to two characteristic tumbling frequencies. The higher frequency is the one associated with the rotational component of the
(a sphere immersed in the shear field rotates with the frequency f 1 39 ).
On the other hand, the lower frequency, f 2 , corresponds to the stretching-collapse cycle and scales sublinearly with the flow rate, similarly to what was reported in DNA experiments 10 .
Both dynamical behaviors are observed in Fig. 9 which shows the time trace of the protein orientation angle and the associated evolution of the RMSD. In the high frequency regime, the protein is closely packed, with small values of RMSD away form the native structure and it essentially behaves like a sphere rotating in a shear flow. From time to time, a sudden unfolding event takes place -the protein ceases to rotate and its RMSD rapidly increases.
For larger shear rates, the unfolding events are more frequent and the periods of free rotation in the globular state -shorter, as seen in Fig 10. Fig. 11 shows the tumbling frequencies, f 1 and f 2 as the function of Wi. Note that there is a relatively narrow shear rate range for which both frequencies are visible in the spectrum. For lower shear rates the protein hardly ever unfolds hence f 2 is impossible to discern. On the other hand, at large shear rates the protein is never found in a globular state for a sufficient period of time for f 1 to be seen.
The inclusion of hydrodynamic interactions considerably hinders the unfolding of a molecule. Fig. 12 shows the comparison of the relative extension of ubiquitin in a shear flow calculated with and without the hydrodynamic interactions. It is seen that, when HI are included in the model, much larger shear rates are needed for the unfolding of a molecule and the corresponding extensions of the chain are significantly smaller. In particular, a critical shear rate needed for the unfolding events to take place is shifted from Wi = 250 for the non-HI case to Wi = 600 (HI present, a = 1.5) and Wi = 2000 (HI present, a = 4.1). This is consistent with our earlier studies on the uniform flow unfolding 37 where it was observed that unfolding of the system with HI requires a much larger flow speed than without. This tendency can be understood qualitatively in terms of the so-called non-draining effect 54 : the residues hidden inside the protein are shielded from the flow and thus only a small fraction of the residues experience the full drag force of F = −γU . In contrast, when no HI are present, this drag force is applied to all residues. This effect is analyzed more quantitatively e.g. in Ref. 55 where, in particular, it is shown that the hydrodynamic shielding increases with an increase in both the hydrodynamic radius and the total number of beads in the polymer chain.
IV. SUMMARY
We 
